In a subtraction designed to identify transcripts accompanying mesodermal lineage specification in mouse ES differentiation cultures, we identified a gene encoding a two LIM-domain protein which we named heart LIM protein (Hlp). Hlp is most closely related to thymus LIM protein, and these two genes comprise a new gene family related to the cysteine-rich protein (CRP) gene family. In the embryo, Hlp expression is primarily restricted to the developing heart. In situ hybridization showed expression at E7.75 in the paired heart-forming primordia prior to linear heart-tube formation. At E8.5, strong expression is detected in the heart, with equal expression in both heart chambers. Hlp expression is detected in both myocardium and endocardium, and in vascular endothelium. Later in fetal development low levels of Hlp expression are detected outside the heart, including dorsal root ganglia and the spinal cord. In the adult, Hlp is expressed at highest levels in the heart, and at lower levels in the brain, skeletal muscle and aorta. Hlp expression is unchanged in hypertrophic hearts induced by aortic constriction. These data suggest a role for the two LIM-domain gene Hlp in the very earliest stages of heart differentiation and development. q
Results and discussion
The LIM protein superfamily includes homeodomain transcription factors, kinases and cytoskeletal proteins that are critical regulators of lineage specification and differentiation, organ development, and tumorigenesis (Bach, 2000) . A number of LIM-domain proteins are expressed in the embryo in the developing heart and cardiovascular system (Tsui et al., 1994; Arber et al., 1994; Jain et al., 1998; Chu et al., 2000; Passier et al., 2000; Henderson et al., 2002) , and several of these genes have been shown by gene knockout to have important functional roles during heart development (Arber et al., 1997; Pashmforoush et al., 2001 ). We present here the expression profile for a mouse two LIM-domain gene that is expressed in the developing and adult heart and is related to, but distinct from, the cysteine-rich protein (Csrp) gene family.
The Hlp gene encodes a two LIM-domain-only protein distantly related to the cysteine-rich protein (Csrp) gene family
Hlp encodes a 208 amino acid protein (HLP) that includes two LIM domains (Fig. 1) . Amino acid sequence comparison showed HLP to be most closely related to the recently described mouse thymus LIM protein (TLP) (Kirchner et al., 2001) , and more distantly related to the mouse CRP protein family (Harrod et al., 1996; Yet et al., 1998; Henderson et al., 1999) (Fig. 1) . The mouse Hlp and thymus LIM protein (Tlp) genes share a common exon-intron architecture not seen in the Csrp genes (data not shown). Therefore, mouse Hlp and Tlp genes define a new LIM-domain gene family closely related to, but distinct from, the Csrp gene family (Fig. 1C) .
Rat and human sequences homologous to Hlp have been reported (Okano et al., 1993, GenBank Accession No. D17512; Karim et al., 1996, GenBank Accession No. D42123, respectively) and were named CRP2 based upon their observed sequence relationship to the Csrp gene family. However, (and as previously noted (Weiskirchen et al., 1995) ), these rat and human genes are not the corresponding Csrp/CRP homologs, but instead the rat and human Hlp homologs. We will refer to these genes as rat Hlp and human Hlp to more accurately reflect their much closer relationship to the mouse Hlp gene than to the Csrp gene family. Adult tissue Northern blots with rat Hlp (Okano et al., 1993) and human Hlp (Karim et al., 1996) found in both cases highest expression levels in the heart, but both groups also reported widespread expression in most tissues. No further expression analyses were reported for either of these genes. No expression data for either rat Hlp or human Hlp in the embryo has been reported. 
The Hlp gene is highly expressed in the adult heart
Highest levels of Hlp expression in the adult mouse were detected in the heart ( Fig. 2A ). Significant Hlp expression was also observed in the brain, followed by aorta and skeletal muscle. Low levels of Hlp expression were detected in Fig. 2 . Initial expression analysis of Hlp. Expression analysis using a 'virtual Northern' assay. Equal amounts of total 3 0 -end cDNAs (150-450 bp in length) from the indicated samples were run side-by-side on a 1.5% agarose gel, blotted and probed with the indicated cDNA 3 0 end fragments labeled with 32 P. Equal cDNA loadings were controlled by ethidium-bromide staining of the gels (Gel, inverse image). (A) Expression in adult tissues. Total short 3 0 -end cDNAs were prepared from the indicated adult mouse tissues. Skel. musc., skeletal (thigh) muscle; BM, bone marrow. (B) Hlp expression in selected ES-and early embryo-derived samples. Hlp was expressed at highest levels in the E8.5-9.5 embryonic heart sample, and at reduced levels in the endothelial-derived cDNA samples. The early yolk sac expression is ascribed to endothelial cell development as a result of vasculogenesis in this region of the embryo. Nkx2.5 expression, by comparison, was specifically restricted to the early heart sample, with no observed endothelial cell expression. No expression for either gene was observed in early hematopoietic populations. Samples: hem1, ES-derived primitive erythroid; hem2, ES-derived definitive erythroid; hem3, ES-derived myeloid; endo1, ES-derived endothelial cell line D4T; endo2, ES-derived endothelial cell population #1; endo3, ESderived endothelial cell population #2; YS1, E7.0 extra-embryonic yolk sac; YS2, E7.5 yolk sac; YS3, E8.25 yolk sac; FL1, E11.5 fetal liver; FL2, E13 fetal liver; heart, E8.5-9.5 heart tubes. (C) Hlp Northern blot. Poly(A) 1 RNAs prepared from the EB-derived endothelial cell line D4T (Kennedy et al., 1997) and from an EB-derived hematopoietic cell line EBHX11 (Keller et al., 1998) were separated on a formaldehyde gel, blotted and probed with a 32 P-labeled Hlp fragment. Exposure was for 2 days with intensifying screens at 2808C. Transcript size for standards are shown to the left in kilo basepairs (kb). Note the single transcript of 1.2-1.3 kb seen only in the endothelial cell RNA sample. (D) Expression of Hlp in the early mouse embryo by virtual Northern. Equal amounts of total 3 0 -end cDNAs prepared from individual embryos ranging from pre-streak (,E6.5) to 18-20 somite pairs (,E9.5) were run side-by-side on multiple gels, blotted, and hybridized with 32 P-labeled 3 0 -end fragments from the indicated genes. Pre-S, pre-streak; ES, early primitive streak; MS, mid primitive streak; LS, late primitive streak; LHF, late head-fold (,E7.75); E, embryonic day post-conception. (E) Hlp expression during early heart development. Individual hearts were dissected at the marked developmental stage and total 3 0 -end cDNA prepared. Equal amounts of cDNA were run side-by-side on multiple gels, blotted and probed with the indicated labeled 3 0 -end gene fragments. cDNA loading is controlled by ethidium-bromide staining of the gel (gel; inverted image). S-labeled Hlp antisense probe (sense probe gave no signal at all time points; not shown). Bright-field views are presented in (D,G,J and L), with the corresponding dark-field views in (E,H,K and M). (F) is a higher magnification of the dark-field view presented in (E), centered on the dorsal aorta. (I) is a higher magnification of a portion of the heart in (H). (L,M) are higher magnifications of the heart region seen in (J,K), respectively. Strong expression of Hlp is evident throughout the heart in atrial (a) and ventricular (v) chambers at all time points. At E8.5 Hlp expression was also detected in endothelial cells of the dorsal aorta (E,F). At E9.5, no Hlp expression is detected associated with erythrocytes within the heart (I). a, atrium; v, ventricle; da, dorsal aorta; e, erythrocytes; drg, dorsal root ganglia; sc, spinal cord; lu, lung; li, liver.
testes. For comparison, the homeobox gene Nkx2.5, expressed very early in the developing heart, was expressed specifically in the adult heart, although at very low levels ( Fig. 2A ).
Hlp expression in the early embryo is restricted to the heart and vascular endothelial cells
In the mouse embryo Hlp was expressed at very high levels in E8.5-9.5 heart tubes (Fig. 2B ). Significant Hlp expression was also seen in a series of samples derived from embryonic endothelial cells (Fig. 2B) . This endothelial-associated expression was not observed for Nkx2.5. By Northern blot a single Hlp transcript of approximately 1.2-1.3 kb was detected (Fig. 1C) . Using RNA prepared from a series of staged individual mouse embryos, Hlp expression was detected in the pre-streak embryo and up-regulated with the onset of gastrulation (Fig. 2D ). This expression profile is very similar to that observed for the Brachyury gene, a marker for mesodermal induction (Fig. 2D) . Nkx2.5 expression was not detected until approximately 24 h later, at the late head-fold stage (,E7.75). Expression analysis in dissected early hearts (Fig. 2E) showed strong Hlp expression in the earliest sample (E8.0) with expression levels further elevated by E8.25 and remaining high thereafter. Nkx2.5 expression level was low in E8.0 hearts but increased steadily thereafter.
Hlp in situ hybridization
Whole-mount in situ hybridizations with a Hlp 3 0 UTR probe showed heart-specific staining in the early embryo (,E8.5-11.5). No other specific staining was observed. Both chambers of the developing heart stained equally intensely (Fig. 3A-C) . Section in situ hybridization showed strong hybridization signals over both chambers of the early heart originating from myocardium and endocardium ( Fig.  3D-M ). In addition, signal was found associated with vascular endothelial cells at E8.5 (Fig. 3E, F) . Hlp hybridization signal at E13.5 was highest in the heart (Fig. 3K ). At this time-point weaker signal is also detected in the dorsal root ganglia and around the spinal cord. Hybridization signal was again detected over both the atrium and the ventricle, originating from myocardium and endocardium. Blood cells (erythrocytes) in the heart chambers gave no Hlp hybridization signal (Fig. 3I ).
Hlp is expressed in the developing heart primordia
Hlp in situ hybridization was carried out on sections through the prospective heart-forming region of E7.75 embryos (Fig. 4A-F) . Hlp expression within the embryo, like Nkx2.5, is restricted to the heart-forming regions (Fig.  4E, F) . In addition, Hlp is expressed in maternal decidual tissue and in extra-embryonic trophoblastic giant cells. Hlp and Nkx2.5 hybridization signals co-localize to the prospective heart-forming regions. prepared from two control and seven hypertrophic hearts induced by aortic banding (Hill et al., 2000) , and probed with 3 0 -end fragments from the indicated genes. The hypertrophic hearts were all 3.5-4 £ the weight of the age-matched control hearts (data not shown). Control 1, age-matched and unoperated; control 2, age-matched and sham-operated. Anf, atrial natriuretic factor, a gene known to be induced in cardiac hypertrophy (Rockman et al., 1991 ).
Hlp expression is not elevated in cardiac hypertrophy
Hlp expression was examined in two control hearts and seven hypertrophic hearts induced by aortic constriction. As a control, atrial natriuretic factor (Anf ) expression was shown to be very highly elevated in the hypertrophic samples. Hlp expression was unchanged in the hypertrophic hearts compared to the control hearts (Fig. 5) .
In summary, we present here the expression profile for the mouse heart LIM protein (Hlp) gene. This represents the first expression analysis for this mouse gene, as well as the first examination of Hlp expression in the embryo of any organism. Hlp expression suggests an important role for this gene in cardiovascular specification and development.
Experimental procedures

Cell culture
ES cell (CCE) maintenance and differentiation were performed as described previously (Kennedy et al., 1997; Robertson et al., 2000) 2.2. Subtractive hybridization Subtractive hybridization with 3 0 -end total cDNAs was performed essentially as described (Weaver et al., 1999) . Subtraction tracer was an ES-derived colony undergoing mesodermal lineage commitment (transitional colony) while the driver was a more immature colony based upon gene expression analysis (Robertson et al., 2000) .
Gene expression analysis with total 3 0 -end cDNAs
Gene expression levels were assayed by quantitative virtual Northerns utilizing total 3 0 -end cDNA samples (Brady et al., 1990) essentially as described earlier (Kennedy et al., 1997; Robertson et al., 2000) .
In situ hybridization
Synthesis of digoxigenein-labeled RNA probes, wholemount in situ hybridization, and enzymatic detection of RNA hybrids were performed exactly as described (Haramis, 1996) . In situ hybridization on paraffin sections was performed exactly as described (Shelton et al., 2000) .
